Abstract Huntington's disease (HD) is an autosomal dominant hereditary disease caused by a trinucleotide repeat mutation in the huntingtin gene that results in an increased number of glutamine residues in the N terminus of huntingtin protein. Mutant huntingtin leads to progressive impairment of motor function, cognitive dysfunction, and neuropsychiatric disturbance. There are no diseasemodifying treatments available. During the past decade, sirtuin-1 (SIRT1) has been the focus of intense investigation and discussion because it regulates longevity in multiple organisms and has shown beneficial effects in a variety of models of neurodegenerative disorders. Studies in different animal models provide convincing evidence that SIRT1 protects neurons in mouse models of HD as well as in Caenorhabditis elegans, although controversial results were reported in a fly model. Indeed, many connections exist between the deacetylation function of SIRT1 and its role in neuroprotection. As a result, pharmacological interventions targeting SIRT1 might become promising strategies to combat HD. This review summarizes recent progress in SIRT1 research, with a focus on the specificity of this protein as a potential therapeutic target for HD, as well as existing challenges for developing SIRT1 modulators for clinical use.
Introduction
Huntington's disease (HD) is an autosomal dominant neurodegenerative disease that is caused by a CAG triplet repeat expansion in the huntingtin gene, which encodes an expanded polyglutamine stretch in the huntingtin (Htt) protein [1] . The disease is inherited with age-dependent penetrance, and repeat CAG lengths of 40 or more are associated with nearly full penetrance by age 65 years [2] . The prevalence of HD is 7-10/100,000 in the Western world [3] , with many more people at risk of the disease. Longer CAG repeats predict earlier onset, accounting for up to 50-70 % of variance in age of onset, with the remainder likely to be due to modifying genes and the environment [4, 5] .
Clinical features of HD include progressive involuntary movement disorders, psychiatric signs, cognitive decline, and a shortened lifespan. Currently, there is no therapy that modifies the disease progression. Thus, identification of new targets, strategies for drug discovery and therapeutic approaches are now becoming a critical point.
Htt is a large protein predicted to consist mainly of repeated units of about 50 amino acids, termed HEAT repeats [3] , this protein is truncated and gives rise to toxic N-terminal fragments, and also undergoes extensive posttranslational modification [4] . The cellular functions of Htt are still not completely understood. Defects in energy metabolism and mitochondrial respiratory enzymes have been identified in postmortem brain tissues from HD cases as well as in HD models [6] [7] [8] [9] . Mutant Htt affects mitochondria and cellular metabolism in multiple ways. For example, mutant Htt could have direct or indirect effects on mitochondria [4] , impair the mitochondrial disulfide relay system [9] , and compromise energy metabolism, and increase oxidative damage [6, 10] . Moreover, mutant Htt alters transcription of PPARGC1A, which encodes a transcription factor peroxisome proliferator-activated receptorgamma coactivator 1a (PGC1a), which in turn controls transcription of many nuclear-encoded proteins necessary for mitochondrial function and cellular energy metabolism [11, 12] . Abnormalities in mitochondrial function and bioenergetics contribute to cell death in HD-affected individuals, in both central and peripheral tissues [13] [14] [15] [16] . Energy deficits thus are recognized as important pathogenic pathways in HD [17, 18] . Notably, the onset of energy-related manifestations at the presymptomatic stage indicates that energy deficits are likely to be an early phenomenon in the cascade of events leading to HD pathogenesis [19] [20] [21] [22] . These findings highlight the importance of disturbed energy metabolism in HD pathogenesis.
Our previous study showed that calorie restriction could ameliorate the motor phenotype and extend survival of N171-82Q HD mice [7] , indicating that pathways related to energy metabolism can modify disease progression in HD. Calorie restriction increases mitochondrial biogenesis by inducing endothelial nitric oxide synthase (eNOS), and nitric oxide (NO) can activate the sirtuin 1 (SIRT1) gene [23, 24] which is the mammalian ortholog of yeast Sir2, and a highly conserved NAD ? -dependent protein deacetylase. Moreover, SIRT1 has been suggested to mediate some beneficial effects of calorie restriction [25] [26] [27] [28] . It has been demonstrated that SIRT1 enhances the ability of cells to counter oxidative stress: first, SIRT1 may offer protection against oxidative stress through the modulation of forkhead box Os (FOXOs) [29] . Second, SIRT1 protects cells against oxidative stress by increasing the activity of catalase [30, 31] . Third, SIRT1 induces the antioxidant enzyme manganese superoxide dismutase (MnSOD) [32] . Lastly, SIRT1 deacetylates its substrate PGC-1a and enhances its transcriptional activity, thereby preventing oxidative stress [33, 34] .
SIRT1 is a nuclear protein, that is predominantly expressed in neurons [35] ; it has thus emerged as a key regulator for energy metabolism of neurons [20] . SIRT1 is highly expressed in the mouse brain during embryogenesis [36] , as well as in the adult brain, including important metabolic centers of the brain, such as the hypothalamus [35] . During aging, SIRT1 expression is decreased in specific nuclei of the hypothalamus of mice [37] [38] [39] . Although the precise functions of SIRT1 in neurons are still unclear, they seem to be important players in neurodegenerative disorders. The subcellular localization of SIRT1 likely depends on cell type, stress status, and molecular interactions [40] .
Despite a recent controversy on the role of SIRT1(Sir2) in extension of life-span in eukaryotes [41] , SIRT1 in mammalian system seems to be beneficial in many neurodegenerative diseases, including Wallerian degeneration (wlds) [42] , Alzheimer's disease (AD), amyotrophic lateral sclerosis (ALS), Parkinson's disease (PD), and HD [43] [44] [45] [46] [47] [48] [49] [50] , suggesting that the modulation of SIRT1 activity might be important in treatment of these neurodegenerative diseases. Nevertheless, the connection between SIRT1 and calorie restriction, the precise normal function of SIRT1, and its role in neurodegeneration warrant further investigation. [53] . However, overexpression of Sir2 increases the longevity of normal flies and the longevity of diseased flies is slightly increased by elevated Sir2 [52] . The precise mechanism of these controversial results remains to be clarified. The different results might be due to the amount of Sir2, its activation status, and different downstream targets involved. Whatever the mechanism, these controversial results warrant further investigation of the role of SIRT1 in mammalian systems. Indeed, two independent studies done by our group [54] and Krainc's group [55] demonstrated that modulating the levels of SIRT1 has therapeutic benefit in three different HD mouse models, and putative downstream targets of SIRT1 involved in improved disease outcomes are also identified. Krainc's group showed that brain-specific knockout of SIRT1 results in exacerbation of neuropathology in an R6/2 mouse model of HD, whereas overexpression of SIRT1 by knocking-in the transgene to endogenous b-actin locus improves survival of R6/2 HD mice, and ameliorates neuropathology and mutant Htt aggregation in the R6/2 model [55] . By comparison, our group used a different truncated HD mouse model, N171-82Q mice, and a full-length HD model in which mutant Htt was expressed from a bacteria artificial chromosome (BACHD mouse model). We showed that overexpression of SIRT1 driven by a prion protein promoter attenuates brain atrophy, preserves endogenous dopamine-and cyclic AMP-regulated phosphoprotein, Mr = 32,000 (DARPP32), a marker of medium spiny neurons that are selectively degenerated in HD, and improves motor function in both HD mouse models [54] .
Reduced transcription of brain-derived neurotrophic factor (BDNF) gene and axonal transport of this protein have been implicated as a key pathogenesis resulting in selective neurodegeneration and neuronal dysfunction in HD [56] [57] [58] . Increasing BDNF levels by genetic manipulation or with agents that promote production of endogenous BDNF improves motor function, attenuates brain atrophy, and/or extends survival in HD mice [59, 60] . To gain further understanding of the mechanism of protection by SIRT1 in HD, our group demonstrated that BDNF protein levels were preserved by SIRT1. Consistent with our findings on BDNF, Krainc's group demonstrated that SIRT1 transactivates BDNF expression at a promoter region that is also regulated by the cyclic AMP response element binding (CREB) transcription factor. Moreover, Krainc's group demonstrated that the transducer of regulated CREB activity 1 (TORC1), a transcriptional coactivator known to enhance CREB function, is involved in SIRT1-mediated regulation of BDNF transcription. Through a comprehensive biochemical analysis, the group determined that SIRT1-mediated deacetylation of TORC1 at certain lysine residues promotes the interaction of TORC1 with CREB, and that mutant Htt interferes with SIRT1 through a physical interaction that may be dependent on polyglutamine length, which requires the presence of TORC1 [55] .
We had previously implicated BDNF in the rescue of the HD phenotypes [61] [62] [63] [64] , and therefore we examined the BDNF receptor and found that SIRT1 overexpression favored the phosphorylation and consequent activation of the BDNF receptor TrkB. We also evaluated the effects of FOXO3a, which is a well-known SIRT1 target and candidate neuroprotective factor, and found that restoration of ATP levels by SIRT1 in cultured HD striatal-like neurons depends upon FOXO3a, and that FOXO3a overexpression is associated with the recovery of BDNF and DARPP32 expression in HD cells [55] . In addition, our results and Krainc's findings indicate that SIRT1 deacetylase activity is required for neuroprotection in HD cells. Moreover, we found that mutant Htt inhibits SIRT1 deacetylase activity [55] . Taken together, these two independent studies provide solid evidence supporting the view that SIRT1 modifies disease phenotypes in mouse models of HD.
In contrast, there is a disconnection between the observed effects of SIRT1 on aggregation of mutant Htt protein: SIRT1 overexpression or knockout modulates inclusion formation in the brain of the R6/2 mice [55] , whereas SIRT1 has no effect on mutant Htt aggregation in N171-82Q mice [54] . This difference may be because aggregation in R6/2 is more pronounced and less variable than it is in N171-82Q mice. In addition, several published reports implicate insulin signaling in the regulation of protein aggregation, including in HD [65] . It is therefore possible that altered insulin sensitivity in these HD mice contributes to the observed differences, but further studies will be required to address this in more detail. Nonetheless, this difference in aggregation does not minimize the key finding that SIRT1 rescues neuronal loss in different HDlike mouse models.
There is also discrepancy in the effects of SIRT1 in HD mouse survival. SIRT1 overexpression extended survival of R6/2 mice, but not N171-82Q mice. Two important points may provide clarification on this issue. First, we showed that N171-82Q mice develop insulin resistance that was not seen in the R6/2 model. Published reports describe a complicated relation between insulin signaling and neurodegeneration. While some papers suggest that reduced insulin signaling is protective in CNS, others suggest the opposite [65] . Similarly, the role of SIRT1 in insulin signaling is complex and primarily depends on context. In relation to TORC1 discussed in Krainc's paper, recent work showed that increased insulin signaling inhibits TORC1 activity [66] . It is therefore possible that insulin resistance in N171-82Q mice contributes to differences in survival upon SIRT1 rescue. Further studies will be required to resolve this issue. Second, it is not precisely known why HD-like mice die. Studies by La Spada [11] showed that Htt fragment models (R6/2 and N171-82Q) develop profound hypothermia that presumably contributes to death in these animals (since hypothermia was not observed in HD-like mice that have a normal life span). Since humans have very little brown fat compared with rodents, it is not likely that hypothermia plays a similar role in humans with HD [11] . Of note, patients with HD most often die from complications of pneumonia. Therefore, it can be argued that survival as an outcome measure in HD-like mice, although very useful, does not always directly inform about human disease. Nonetheless, it is widely accepted that neuropathological changes observed in HD-like mice strongly resemble those in human disease, and on this key measure, two papers are in agreement. Specifically, both papers establish that SIRT1 mediated rescue of striatal atrophy, the hallmark of HD. Importantly, the groups used different methods to achieve the same conclusion.
These findings underscore the complexity inherent in working with alternative HD models and various SIRT1 mouse models in which SIRT1 modulation is accomplished in different ways. These two studies provide compelling support to the view that SIRT1 provides beneficial effects in HD mouse models; however, they also raise important questions. It is possible that the contradictory results on the effects of SIRT1 in models of HD might be explained by different effector pathways or mechanisms and by contextdependent effects or different levels of SIRT1 activation. SIRT1 has numerous targets, and different models of HD display different phenotypes as a result of activation of various targets and mechanisms. Therefore, it is not surprising to encounter contradictory data, especially in different species and different models.
As already described, the role of SIRT1 in HD has been debated, and conflicting reports have argued that either SIRT1 activation or inhibition can be neuroprotective [52] . Although there are substrates that are critical for mediating the biological effects of SIRT1 (Fig. 1) , the mechanism(s) underlying these controversial effects of SIRT1 on mutant Htt between mammalian system and drosophila are not known. SIRT1 might deacetylate different substrates and subsequently has different consequences. The downstream signaling pathways reveal important differences between mammals and flies. For example, drosophila activates the nuclear factor (NF)-jB precursor Relish by IKKand caspase-dependent endoproteolytic cleavage. On the other hand, mammalian NF-jBs are activated by the proteasome-mediated destruction of IjB proteins, and/or the proteasome-mediated degradation of the C-terminal inhibitory domain of NF-jB precursors p100 and p105 [67] . Despite this caveat, SIRT1 deserves careful consideration as a therapeutic target for HD. Hence, although many questions remain to be answered, these two studies in mammalian HD models suggest that SIRT1 should receive even more attention, particularly in seeking treatments for HD.
The Application of Small-Molecule SIRT1
Modulators in HD
SIRT1 Activators in HD
Resveratrol, a natural polyphenolic compound, was found to be an activator of SIRT1 in vitro [68, 69] . It has been reported that resveratrol produces changes associated with a longer life-span, including increased insulin sensitivity, reduced insulin-like growth factor-1 (IGF-I) levels, increased AMP-activated protein kinase (AMPK) and PGC-1a activity, increased mitochondrial number, and improved motor function [69, 70] . The first report of the effect of resveratrol in HD came from Parker and coworkers [51] and showed that resveratrol rescued expanded polyglutamine-induced neuronal death in striatal cells derived from HdhQ111 knock-in mice. Later, resveratrol exhibited protective effect in a 3-nitropropionic acid (3-NP)-induced HD mouse model and genetic HD models [71, 72] . Pallos and co-worker showed that resveratrol dosedependently increased neuronal survival in mutant Httchallenged flies [52] . Whether the biological effects observed for resveratrol administration are causally and mechanistically associated with direct activation of SIRT1 is currently a matter of debate. In addition, whether or not resveratrol can penetrate the blood-brain barrier and act directly on the striatal neurons is not known. Recently, Ho and co-workers reported that resveratrol treatment increased expression of PGC-1a, and its downstream targets, nuclear respiratory factor-1 (NRF-1) and uncoupling protein-1 (UCP-1) in brown adipose tissue (BAT), but resveratrol had no effect on PGC-1a, or NRF-1 in the striatum, and provided no significant improvement in motor performance, survival, or striatal atrophy in N171-82Q HD mice [68] . These results suggest that resveratrol may not cross the blood-brain barrier, and some beneficial effects of resveratrol might be due to its effects on peripheral energy metabolism. On the other hand, SIRT1 regulates liver kinase b1 (LKB1), an upstream regulator of adenine monophosphate-activated Fig. 1 Schematic diagram of potential neuroprotective molecular mechanisms activated by sirtuin 1 (SIRT1) in Huntington's disease. SIRT1 deacetylates its multiple targets, including peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), forkhead box O3a (FOXO3a), transcriptional coactivator for CREB1 (TORC1), and p53, and regulates the activity of these transcriptional factors whose activity is altered by mutant huntingtin (Htt). SIRT1 increases PGC-1a transcriptional activity and thereby activates mitochondrial factors nuclear respiratory factor-1 (NRF-1), and uncoupling protein 1 (UCP1) which prevent oxidative stress; at the same time, PGC-1a also regulates other mitochondrial genes and promotes mitochondrial biogenesis. Deacetylation of FOXO3a promotes its anti-oxidant activity. TORC1 is a coactivator of transcription factor cAMP response element-binding protein (CREB) that promotes transcription of brain-derived neurotrophic factor (BDNF), SIRT1 deacetylates TORC1 and increases its binding to CREB. The transcription activity of proapoptotic factor p53 can be inhibited by SIRT1 deacetylation protein kinase (AMPK) [73, 74] . Thus the effects of resveratrol may be mediated by inhibition of LKB1. Indeed, knockdown of LKB1 reduces the ability of resveratrol to protect cells from mitochondrial dysfunction [74] . Importantly, resveratrol has not improved mitochondrial function in animals lacking SIRT1, and SIRT1 plays an essential role in the ability of moderate doses of resveratrol to activate AMPK and improve mitochondrial function [75] .
Even though there are multiple pharmacological effects of resveratrol in various model systems, the appropriate dosage is also a critical factor [73, 74, 76] ; relatively high concentrations are required to achieve desirable pharmacological effects. This has prompted a search for more potent SIRT1 activators. Improved SIRT1 agonists are beginning to emerge. High-throughput screening of small molecules led to the identification of three SIRT1-activating molecules, SRT1460, SRT1720, and SRT2183, which are structurally unrelated to and 1,000-fold more potent than resveratrol in assay in vitro [77] . These molecules, when used in multiple rodent animal studies, including high-fat-diet-induced obese mice, ob/ob mice, and Zucker fa/fa rats, were able to normalize glucose homeostasis by improvements in insulin sensitivity [77] . Whether SRT1460, SRT1720, and SRT2183 act as direct SIRT1 activators is currently debated; however, a recent study attributed activation of SIRT1 by these drugs to binding to the fluorophore, Fluor-de-Lys biochemical assay, which is a commonly used assay for SIRT1 activity, and thus may be an artifact. These results cast doubts on the specificity of these molecules, and whether their pharmacological action might be ascribed to one or more of their demonstrated offtarget activities [78] .
It is well known that increased intracellular levels of NAD ? activate sirtuin-dependent metabolic control. Thus, compounds that modulate NAD ? /NADH ratios are likely to affect SIRT1-mediated metabolic control. Tests of brainpenetrable specific SIRT1 activators in HD mouse models will provide important insight on whether activation of SIRT1 can be a therapeutic target in HD. There is an ongoing effort to develop specific SIRT1 activators that can penetrate the brain. Sirtuis, a GSK company, is currently developing this kind of compound. Testing of brain penetrable SIRT1 activators in HD mouse models is underway and hopefully the results will be released in the near future.
SIRT1 Inhibitors in HD
Whether SIRT1 should be inhibited instead of activated in HD is controversial. The catalytic activity of SIRT1 is physiologically inhibited by nicotinamide (NAM). Mechanistically, NAM binds to a conserved region in the SIRT1 catalytic site and favors a Base Exchange reaction instead of deacetylation. Hathorn and co-workers reported that NAM improves motor function and upregulates PGC-1a and BDNF expression in an HD mouse model [79] . NAM is also a substrate for NAD ? biosynthesis, and it is also believed to promote improvements in energy production because of its role as a precursor of NAD, an important molecule involved in energy metabolism. Increasing NAM concentrations increases the available NAD molecules that are involved in energy metabolism, thus increasing the amount of energy available in the cell. NAM can also increase cellular energy by inhibiting poly-ADP-ribose polymerase. When poly-ADP-ribose polymerase is activated, it depletes the supply of NAD by transferring poly-ADP-ribose subunits from NAD to various DNA repair enzymes. Depletion of NAD leads to the depletion of ATP owing to decreased activity in both glycolysis and the Krebs cycle. When NAM inhibits the poly-ADP-ribose polymerase, it essentially prevents the NAD molecules from becoming depleted, administration of NAM to mice may actually result in increased NAD
? biosynthesis and SIRT1 activation. Therefore, the effects of NAM in HD mice may result from activation of SIRT1 instead of its inhibition.
The current challenge is that no specific SIRT1 inhibitors are available, and the first generation of sirtuin deacetylase inhibitors such as sirtinol [80] , identified in high-throughput screening, had low potency and selectivity [81] . Subsequently, potency and selectivity were greatly improved by rational drug design [82] . These redesigned sirtinol derivatives were found to be more potent, but they remain nonselective inhibitors of both SIRT1 and SIRT2. Further highthroughput screening has led to the finding that indoles are potent and selective SIRT1 inhibitors [83] . Interestingly, kinetic analyses suggest that these inhibitors bind after the release of nicotinamide from the enzyme, and prevent the release of deacetylated peptide and 2 0 -O-acetyl-ADPribose, the products of enzyme-catalyzed deacetylation. These newly discovered SIRT1 inhibitors seem to be cellpermeable, orally bioavailable, and metabolically stable.
Suramin was reported as a SIRT1 inhibitor, but it has also been shown to be a weak inhibitor of SIRT5 deacetylase. Efforts to design improved derivatives of the SIRT1 inhibitor suramin have led to the discovery of highly potent and selective inhibitors of SIRT1 and SIRT2 [84] . The therapeutic application of the sirtuin inhibitors has just begun and further efficacy trials in different animal models will be crucial for evaluating therapeutic potentials of new SIRT1 inhibitors for HD. Testing specific SIRT1 inhibitors in mammalian HD models will no doubt reveal the role of SIRT1 in HD.
Sirtinol has been shown to be beneficial in flies expressing mutant Htt [52] . Since sirtinol also inhibits SIRT2, it is not possible to exclude the notion that protection is due to inhibition of SIRT2, which has recently been shown to be protective in HD mouse models [85] . An ongoing European trial called PADDINGTON is testing a drug designed to reduce the effect of SIRT1. On the basis of their own experiments, including studies in HD mice, scientists at Sienna believe that reducing SIRT1 activity might help cells remove the mutant Htt that causes HD. This is consistent with studies in the fly model that have shown that reducing levels of Sir2 in fruit flies protects them from damage caused by mutant Htt [52] . A phase I clinical trial is underway to treat HD with the specific SIRT1 inhibitor EX-527 [86, 87] . When released, the results should provide insight into whether SIRT1 inhibitors will be therapeutically helpful for this disease.
One possible explanation for the conflict in compounds targeting SIRT1 is that, unlike adding or removing copies of genes, a drug that is aimed at a particular target often hits several others as well, or a drug may inhibit some forms of a protein but not others. Irrespective of the results, accumulating data suggest that SIRT1 is an attractive target for intervention in HD.
Conclusions
SIRT1 offers an excellent opportunity for investigating the connection between brain aging and neurodegenerative diseases, with the aim of uncovering new molecular pathways and target molecules for drug development. Further investigation into the targets and functions of SIRT1 and other members of the sirtuin family will help in the development of new strategies for protection against neurodegenerative diseases.
Neurodegenerative disorders are complex diseases with many underlying pathways, and SIRT1 is a molecule with numerous different substrates in the cell. Therefore, it is not surprising that SIRT1 is involved in neurodegenerative disorders. Although exciting discoveries have been made in SIRT1 neurobiology, important questions still remain to be answered. For example, why SIRT1 behaves differently in different tissues needs to be precisely elucidated. As the numbers of SIRT1 substrates identified have increased, the situation has become more complex, because the pathways involved overlap with other proteins.
HD mouse models actually show non-neural phenotypes, including metabolic abnormalities, and reduced body weight has been observed in several HD mouse models as well as perturbed glucose metabolism and insulin pathway regulation. As SIRT1 elicits multiple divergent effects in the central nervous system and periphery, different outcomes might occur, depending on how, when, and where SIRT1 is activated.
Decades of biomedical progress and vast improvements in our living conditions allow us to lead productive lives into old age. Although pharmacological or genetic activation of SIRT1 resembles the beneficial effects of caloric restriction, making it an attractive drug target, we should not forget that SIRT1 acts on many different downstream targets, which are involved in numerous biological activities. Drugs that can specifically activate SIRT1 and inhibit SIRT1 need to be tested in HD mammalian models, in order to identify whether the benefits of these drugs are sustained. If so, clinical trials will be necessary to follow up and to address whether SIRT1 modulators have beneficial effects in HD patients.
